Summary. This study was conducted to test the hypothesis that the rate (dose/time) at which oestradiol-17\g=b\(oestradiol) is presented to the hypothalamo\p=n-\pituitary axis influences secretion of LH, FSH and prolactin. A computer-controlled infusion system was used to produce linearly increasing serum concentrations of oestradiol in ovariectomized ewes over a period of 60 h. Serum samples were collected from ewes every 2 h from 8 h before to 92 h after start of infusion, and assayed for oestradiol, LH, FSH and prolactin. Rates of oestradiol increase were categorized into high (0\ m=. \ 61\ p=n-\ 1\ m=. \ 78pg/h), medium (0\ m=. \ 1 3\p=n-\0\m=.\60 pg/h) and low (0\ m=. \ 01\ p=n-\ 0\ m=. \ 12 pg/h). Ewes receiving high rates of oestradiol (N = 11) responded with a surge of LH 12\m=.\7\ m=+-\2\m=.\0h after oestradiol began to increase, whereas ewes receiving medium (N = 15) and low (N = 11) rates of oestradiol responded with a surge of LH at 19\m=.\4\m=+-\1\m=.\7and 30\m=.\9\ m=+-\2\m=.\0 h, respectively. None of the surges of LH was accompanied by a surge of FSH. Serum concentrations of FSH decreased and prolactin increased in ewes receiving high and medium rates of oestradiol, when compared to saline-infused ewes (N = 8; P < 0\m=.\05). We conclude that rate of increase in serum concentrations of oestradiol controls the time of the surge of LH and secretion of prolactin and FSH in ovariectomized ewes. We also suggest that the mechanism by which oestradiol induces a surge of LH may be different from the mechanism by which oestradiol induces a surge of FSH.
Introduction
Serum concentrations of oestradiol increase before preovulatory surges of LH and FSH (Baird et ai, 1981; Goodman et ai, 1981; Karsch et ai, 1984; Keisler et ai, 1985) . Furthermore, oestradiol is reported to stimulate secretion of prolactin in ewes (Baird et ai, 1981; Elsasser et ai, 1983) . To understand how the preovulatory increase in serum concentrations of oestradiol regulates secretion of gonadotrophins in ewes, investigators have utilized ovariectomized ewes treated with injections of oestradiol (Goding et ai, 1969; Elsasser et ai, 1983; Haresign & Friman, 1983; Nett et ai, 1984; Clarke et ai, 1988) , constant infusions of oestradiol (Goding et ai, 1969; Emons et ai, 1984) or implants of oestradiol (Karsch et ai, 1980; Foster, 1984; Keisler et ai, 1985) . Treatment of ewes with oestradiol by these methods, however, produces patterns of serum concentrations of oestra¬ diol which are non-linear, and therefore dissimilar to those which occur before ovulation in the ewe. By fitting regression equations to the increase in serum concentrations of oestradiol which occur during the follicular phase of cyclic ewes (Karsch et ai, 1984) and in lambs induced to ovulate by repeated injections of LH (Keisler et ai, 1985) , we determined that preovulatory serum concentrations of oestradiol increase in a linear fashion at a rate of approximately 008 pg/h.
Our objectives in the present study were to produce different rates of linearly increasing serum concentrations of oestradiol in ovariectomized ewes to: (1) Butcher et al, 1974) was added to each tube except total and non-specific binding tubes. Tubes were incubated at 37°C for 5 min, then at 4°C for 1 h, after which 100 µ 3-iodo-oestradiol-17ß (40 pg/tube; ICN Biomedicals, Inc., Carson, CA, USA) were added to each tube. Tubes were then incubated for an additional 15 h at 4°C, and then 800 µ of a charcoal-dextran suspension in double-distilled water were added to each tube except total tubes. Tubes were vortexed and incubated for 10 min at 4°C, then centrifuged at 4°C and 3000 g for 10 min. The supernatant was decanted into a separate set of tubes and each was counted for 1 min in a gamma counter. The intra-and inter-assay coefficients of variation for the oestradiol assay were 9-71% (N = 8) and 12-8% (N = 8), respectively. Minimum detectable concentrations of oestradiol were 0-37 pg/tube.
Serum concentrations of LH were assayed in duplicate 100 µ samples by the methods described by Fogwell et al (1977) , utilizing RAoLH TEA #35 ovine LH antiserum (Adams el al, 1975) . The inter-and intra-assay coefficients of variation were 3-2% (N = 5) and 12-6% (N = 9), respectively, with a minimum detectable concentration of 50 pg/tube.
Serum concentrations of FSH were determined in duplicate 25-µ1 samples as described by Keisler et al (1983) utilizing materials and methods provided by NIDDKD. Inter-and intra-assay coefficients of variation were 120% (N = 9) and 190% (N = 9), respectively, and minimum detectable concentrations of FSH were 60 pg/tube. Serum concentrations of prolactin were determined in duplicate 10-µ1 samples as described by Keisler et al (1983) , utilizing materials and methods provided by NIDDKD. Inter-and intra-assay coefficients of variation were 15-2% (N = 9) and 17-4% (N = 9), respectively, and minimum detectable concentrations of prolactin were 80 pg/tube. Statistical analysis. The rate at which serum concentrations of oestradiol increased in each ewe was determined by fitting a regression line to assayed serum concentrations of oestradiol determined for each ewe during the 60-h infusion period. For purposes of analysis, the rates of oestradiol increase were categorized into 3 groups: 001-012 pg/h, 0-13-0-60 pg/h or 0-61-1-78 pg/h. Differences in time of onset and magnitude of the surge of LH among the 3 groups were tested using the General Linear Models (GLM) procedure of the Statistical Analysis System (SAS, 1985) and, when appropriate, by Duncan's New Multiple Range Test (Steel & Torrie, 1980) . The relationship between dose and duration of oestradiol exposure at which each ewe responded with a surge of LH was determined by fitting a non-linear, non-polynomial regression line (NLIN procedure; SAS, 1985) to values obtained from each ewe. Differ¬ ences in the profile of serum concentrations of FSH and prolactin among the 3 groups of rates were determined by analysis of variance using a split-plot design, with time and the interaction of time and rate of oestradiol increase in the subplot (Gill & Hafs, 1971 (Fig. 1) . In contrast, when serum concentrations of oestradiol increased at medium (N = 15) and low (N = 11) rates, the interval to the onset of the surge of LH increased to 19-5 ± 1-7 and 30-9 + 2-0 h, respectively (Fig. 1) . The dose and duration of oestradiol at which each of the 37 ewes responded with a surge of LH are illustrated in Fig. 2 (Goding et ai, 1969; Emons et ai, 1984) or implantation of oestradiol (Foster, 1984; Keisler et ai, 1985) . This minimum amount of time is most probably required for protein synthetic events which are stimulated by oestradiol, such as synthesis of GnRH (Zoeller & Young, 1988; Ronnekleiv et ai, 1989) and LH (Landefeld & Kepa, 1984; Leung et ai, 1988; Marshall et ai, 1989) , and synthesis and up-regulation of GnRH receptors in the pituitary (Moss et ai, 1981; Crowder et ai, 1982; Nett et ai, 1984; Clarke et ai, 1988; Gregg & Nett, 1989) . Nett et ai (1984) , however, reported that a surge of LH occurred after 4 h if oestradiol was injected in the presence of a constant infusion of GnRH. Therefore, much of the 12-h period observed in the present and other studies may be necessary to increase synthesis and/or secretion of GnRH. Regardless of the mechanisms involved, a delay of 12 h after oestradiol ex¬ posure may enable the surge of LH to be of sufficient amplitude and duration to cause ovulation and formation of the corpus luteum.
Ewes given low rates of oestradiol in the present study responded with a surge of LH which occurred at a lower dose, but required a longer duration of oestradiol exposure, than did ewes receiving high rates of oestradiol. The dose of oestradiol at which the surge occurred in ewes receiving low rates of oestradiol was 3-25 ± 0-2 pg, which may be the minimum increase in serum concentrations of oestradiol necessary to stimulate a surge of LH. A minimum dose is perhaps necessary to ensure that sufficient oestradiol receptors are bound to initiate a response.
We suggest that our findings support the hypothesis that the minimum dose and minimum duration of oestradiol exposure necessary to induce a surge of LH are influenced primarily by the rate at which oestradiol is presented to the hypothalamic LH surge centre. Although the mechan¬ ism by which the rate of oestradiol increase interacts with the surge centre is unknown, its func¬ tional significance may be to provide the ewe with a way of compensating for rates of oestradiol increase which are above or below normal. In contrast to the positive feedback effects, negative feedback actions of oestradiol on secretion of LH were not responsive to the rate of oestradiol increase. The negative feedback actions of oestradiol are therefore not merely the inverse of its stimulatory actions on mechanisms which initiate a surge of LH. A possible explanation for inhibitory effects of oestradiol on secretion of LH is that oestradiol may directly activate a sequence of events in the pituitary which include decreases in: (1) adenylate cyclase activity (Harden et ai, 1980) , (2) releasable pituitary stores of LH (Koninckx et ai, 1976) , (3) number of cells responsive to GnRH (Lloyd & Childs, 1988) , and/or (4) plasma membrane potentials. Alternatively, the inhibitory effects of oestradiol may be mediated by an oestradiol-induced release of hypothalamic proteins which may inhibit the secretion of LH (Hwan & Freeman, 1987) .
In cyclic ewes, surges of FSH occur concomitantly with surges of LH (Baird et ai, 1981 (Henderson et ai, 1989 (Baird et ai, 1981) . These investigators, however, observed that a surge of FSH occurred after oestradiol concentrations had decreased following ovulation. Our findings provide evidence that the pre¬ ovulatory increase and subsequent decline in oestradiol may not be responsible for the surge of FSH.
The mechanism by which oestradiol inhibits secretion of FSH is unknown, but may be different from the mechanism by which oestradiol inhibits secretion of LH. Secretion of FSH was inhibited in a dose-dependent manner, while inhibition of LH was not dose-dependent in the present study.
Shupnik et ai (1988) reported that oestradiol regulates synthesis of FSH differently from that of LH. This may account in part for continued inhibition of FSH by oestradiol, even during a surge of LH which is presumed to be caused by increasing concentrations of GnRH (Clarke & Cummins, 1982 ; Levine & Duffy, 1988) .
In the present study, serum concentrations of prolactin reached maximum levels while concen¬ trations of oestradiol continued to increase in ewes receiving high rates of oestradiol, indicating that prolactin production was maximally stimulated before infusion of oestradiol was stopped. Therefore, secretion of prolactin may be stimulated by increasing concentrations of oestradiol until a maximum level is achieved; then prolactin concentrations decrease regardless of further increases in oestradiol. However, until maximum values of prolactin are reached, increases in oestradiol are needed to stimulate further increases in prolactin. Other investigators have found that increasing concentrations of oestradiol stimulate secretion of prolactin in intact ewes (Baird et ai, 1981) and ovariectomized ewes (Elsasser et ai, 1983) . Conversely, serum concentrations of prolactin did not increase in ewes receiving implants of oestrdiol (Deaver & Dailey, 1983) , further suggesting that concentrations of oestradiol must increase to stimulate secretion of prolactin in ewes.
